A spin-isospin dependent three-dimensional approach has been applied for formulation of the three-nucleon bound state and a new expression for Faddeev equation based on three-nucleon free basis state has been obtained. Then the three-nucleon wave function has been obtained as a function of five independent variables.
I. INTRODUCTION
During the past years, the three-dimensional (3D) approach has been developed for fewbody bound and scattering problems [1] - [13] . The motivation for developing this approach is introducing a direct solution of the integral equations avoiding the very involved angular momentum algebra occurring for the permutations, transformations and especially for the three-body forces.
In the case of the three-body bound state the Faddeev equation has been formulated for three identical bosons as a function of vector Jacobi momenta, with the specific stress upon the magnitudes of the momenta and the angles between them [2] . Adding the spin-isospin to the 3D formalism was a major additional task which carried out in Ref. [5] . In this paper 
II. 3N BOUND STATE IN A 3D MOMENTUM REPRESENTATION A. Faddeev equation
Faddeev equation for the 3N bound state with considering pairwise-interactions is described by [14] :
where |ψ Mt is Faddeev component of the total 3N wave function, M t bing the projection of total angular momentum along the quantization axis, P = P 12 P 23 + P 13 P 23 is the sum of cyclic and anti-cyclic permutations of three nucleons, t denotes the two-body transition operator which is determined by a Lippmann-Schwinger equation and G 0 is the free 3N
propagator which is given by:
where E is the binding energy of 3N bound state. In order to solve Eq. (1) in the momentum space we introduce the 3N free basis state in a 3D formalism as [6] :
This basis state involves two standard Jacobi momenta p and q which are the relative momentum vector in the subsystem and the momentum vector of the spectator with respect to the subsystem respectively [14] . γ dp dq |pqγ pqγ| = 1,
Now we start by inserting the completeness relation twice into Eq. (1) as follow:
The matrix elements of the permutation operator P are evaluated as [6] :
and for the two-body t-matrix we have:
In the last equality we have used the antisymmetry of Faddeev component of the 3N wave function as:
and also we have considered:
The antisymmetrized two-body t-matrix is introduced as [4] :
where |p m s 2 m s 3 m t 2 m t 3 a is the antisymmetrized two-body state which is defined as:
Hence the final expression for Faddeev equation is explicitly written:
As a simplification we rewrite this equation as:
where we have used indexγ instead of m
This new expression is more simple for numerical calculations in comparison with previous expression which has been presented in Ref. [5] :
For solving the Eq. (14) one needs the matrix elements of the antisymmetrized two-body t-matrix. We connect this quantity to its momentum-helicity representation in appendix A.
To solve this integral equation numerically, we have to define a suitable coordinate system.
It is convenient to choose the spin polarization direction parallel to the z axis and express the momentum vectors in this coordinate system. With this selection we can write the two-body t-matrix and 3N wave function as (see appendices A and B):
where x ′ =q ′ ·ẑ, ϕ ′ = ϕ q ′ and the labels ± are related to the signs of sin ϕ pπ , sin ϕ pq and sin ϕ π ′ q ′ . With considering:
Eq. (14) can be written as:
where the variables are developed similar to the 3N scattering as [13] :
x q =q ·ẑ,
It is clear that the Faddeev component of the wave function ψ is explicitly calculated as function of five independent variables. In appendices D and E we discuss about the ϕ ′ -and x ′ -integration and also determination of the signs of sine functions without any ambiguity.
In this stage we discuss about the total number of coupled integral equations. The total number of coupled Faddeev equations for the 3N bound state in a realistic 3D formalism according to the spin-isospin states is given by:
where N s and N t are the total number of spin and isospin states respectively and N ms i is the number of spin states for each nucleon. It is clear that N ms i = 2 and N t = 3 for our problem.
The factor 2 is related to signs of sine functions of azimuthal angles which is explained in appendix D. Consequently the total number of coupled Faddeev equations for either 3 H and 3 He is N = 48.
B. Total wave function
The total 3N wave function |Ψ Mt is given by [14] :
Now we derive an expression for the matrix elements of the total 3N wave function by inserting the 3N free basis state as fallow:
By applying the permutation operator P 12 P 23 and P 13 P 23 to the 3N free basis state, Eq. (24) can be written as [6] :
with:
As a simplification Eq. (25) is rewritten as:
Now we rewrite this equation in the selected coordinate system as:
By considering:
Eq. (28) can be written as: 
where:
The labels ± are related to the signs of sin ϕ pq , sin ϕ p 2 q 2 and sin ϕ p 3 q 3 which are determined in appendix D.
III. SUMMARY AND OUTLOOK
We extend the recently developed formalism for a new treatment of the Nd scattering in three dimensions for the 3N bound state [13] . We propose a new representation of the 3D
Faddeev equation for the 3N bound state including the spin and isospin degrees of freedom in the momentum space. This formalism is based on 3N free basis state. This work provides the necessary formalism for the calculation of the 3N bound state observables which is under preparation.
Appendix A. Anti-symmetrized NN t-matrix and its helicity representation
In our formulation, we need the matrix elements of the anti-symmetrized NN t-matrix.
We connect these matrix elements to the coresponding ones in the momentum-helicity rep- Here S 23 is the total spin, λ is the spin projection along relative momentum of two nucleons, t 23 is the total isospin and |t 23 ≡ |t 23 τ is the total isospin state of the two nucleons. τ is the isospin projection along its quantization axis which reveals the total electric charge of system. For simplicity τ is suppressed since electric charge is conserved. In Eq. (A.1) P 23 is the permutation operator which exchanges the two nucleons labels in all spaces i.e. momentum, spin and isospin spaces, and |p;pS 23 λ π is parity eigenstate which is given by:
where P π is the parity operator, η π = ±1 are the parity eigenvalues and |p;pS 23 λ is momentum-helicity state. The Anti-symmetrized two-body t-matrix is given by [6] :
where based on momentum-helicity basis states the two-body t-matrix is defined as:
These two-body t-matrix elements are connected to the solutions of Lippmann-Schwinger equation as follow:
It should be mentioned that the fully off-shell NN t-matrix t
, obeys a set of coupled Lippmann-Schwinger equations which are solved numerically in Ref. [4] . Finally eq. (A.3) can be written as:
where the labels ± are related to the sign of sin ϕ pp ′ which is determined as:
we consider positive sign for ϕ pp ′ ∈ [0, π] and negative sign for ϕ pp ′ ∈ [π, 2π].
Appendix B. Azimuthal dependency of the 3N wave function
We introduce the 3N momentum-helicity basis state as:
|p;pS 23 λ, q;qS 1 Λ = |p;pS 23 λ |q;qS 1 Λ , (B.1)
Thus Faddeev component of the 3N wave function can be written as:
with considering: Finally this equation can be written as:
Appendix C. Parity and time reversal invariance of the total 3N wave function
In this section we discuss about properties of the total wave function under the parity and time reversal invariance. Parity invariance would mean:
where we have used P π |Ψ Mt = |Ψ Mt for the 3N total wave function. Eq. (C.1) leads to:
So we have:
where M s = m s 1 + m s 2 + m s 3 . Time reversal invariance of the total wave function can be written as [15] :
(C.5)
Considering parity and time reversal invariance lead to:
labels of B ± are depend on the sign of sin ϕ π ′ q ′ , thus for ϕ ′′ ∈ [0, π] and ϕ ′′ ∈ [π, 2π] we can choose negative and positive labels respectively. Consequently the integral I ± (cos ϕ pq ) can be decomposed as:
(D.5)
Now we discuss about the labels of A ± . As we know the labels of A ± are related to the sign of sin ϕ pπ . We can write ϕ pπ = ϕ pq − ϕ πq , and then we have:
where: 
and for ϕ pq ∈ [π, 2π], we have: whereφ i = 2π − ϕ i . Now we discuss about the labels of ± ψ γ 2 and ± ψ γ 3 . As we know the labels of ± ψ γ 2 and ± ψ γ 3 are related to the signs of sin ϕ p 2 q 2 and sin ϕ p 3 q 3 respectively. We can write the angles ϕ p 2 q 2 and ϕ p 3 q 3 as: 
where the C is known function determined by t ± a and exponential functions. This equation can be rewritten as:
Finally by considering parity invariance which is described in appendix C, Eq. (E.2) can be written:
± ψ(p, x p , cos ϕ pq , x q , q)
